Proteinase-activated receptor 2 (PAR 2 ) is a member of a family of four G-protein-coupled receptors that are activated by proteolytic cleavage of their extracellular N-terminal domain (1, 2) . The new N-terminus that is exposed by proteolysis binds to and autoactivates the receptor (3, 4) . To date, four PARs have been identified. Of them PAR 1 , PAR 3 , and PAR 4 are targeted by thrombin, whereas PAR 2 is activated by trypsin and tryptase. PAR 2 is expressed in tissues such as intestine, pancreas, kidney, heart, vascular endothelium and lung (4 -6) . In the human lung, PAR 2 is expressed in airway epithelium and smooth muscle, in fibroblasts, and in vascular endothelium and smooth muscle (6 -8) . Several studies indicate that activation of PAR 2 may be important in inflammation, tissue remodeling, and fibroproliferation (8 -13) . In the airways, both pro-and anti-inflammatory roles for PAR 2 have been suggested (7, 10, 12) .
In very low birth weight infants bronchopulmonary dysplasia (BPD) is a common chronic lung disease with multifactorial etiology (14 -17) . Several studies have shown that inflammation plays an important role in the pathogenesis of BPD (17) (18) (19) (20) . In preterm infants with respiratory distress syndrome (RDS), during the first postnatal days an inflammatory reaction takes place in the lungs characterized by accumulation and activation of inflammatory cells and release of inflammatory mediators in the airways and interstitium. Infants who subsequently develop BPD have a more pronounced and persistent pulmonary inflammation when compared with infants who recover from RDS (18, 19) . Slowly resolving inflammation and excessive reparative processes lead to pulmonary fibroproliferation and abnormal lung development, but the mechanisms remain to be characterized.
We have previously demonstrated that in preterm infants, the development of BPD is associated with high pulmonary levels of trypsin-2 during the early postnatal period (21) . We hypothesized that activation of PAR 2 could be an important mechanism through which trypsin-2 causes damage in the preterm lung. Therefore, we studied the expression and potential co-localization of PAR 2 and trypsin-2 by immunohistochemistry in autopsy specimens of fetuses, of preterm infants with RDS or BPD, and of newborn infants without lung disorder.
METHODS

Patients.
A total of 10 fetuses aborted because of major extrapulmonary anomalies between 1997 and 2000, and 26 infants who died between 1992 and 1998 in the University Central Hospital, Helsinki, were studied. The preterm infants who died of acute (age at death 0 -2 d; n ϭ 8) or prolonged RDS (age at death 8 -16 d; n ϭ 7) were mechanically ventilated and received treatment with surfactant, and the autopsies showed hyaline membranes. BPD was defined as the need for supplemental oxygen at the age of 36 gestational weeks, in association with chest radiographic findings typical for BPD (22) . As controls, newborn infants (n ϭ 5) who died within 1 d after delivery for different reasons without lung disorders were included. Of the newborn controls, 3 received no mechanical ventilation or supplemental oxygen (gestational ages 22-22.7 wk). Mechanical ventilation and supplemental oxygen was given to 2 infants (gestational ages 26.1 and 33.0 wk) for 2 and 20 h, respectively. None of the fetuses or infants presented with any lung anomalies or pneumonia at the time of death. The clinical information on the fetuses is given in Table 1 and on the infants in Table 2 . Autopsies were performed within 3 d after death. The lung samples were fixed in 10% neutral buffered formalin, embedded in paraffin, and stored at room temperature. Fourmicrometer sections were stained with hematoxylin-eosin. After evaluating the whole material, one representative tissue block from each case was selected for immunohistochemical studies.
The study was done with the approval of the Ethics Committee of the Hospital for Children and Adolescents, University Central Hospital, Helsinki.
Immunohistochemistry. PAR 2 immunoreactivity was visualized with polyclonal anti-PAR 2 antibody B5 raised in rabbits against a peptide fragment of rat PAR 2 ( 30 GPNSKGR2SLIGRLDT 45 P-YGGC, where "2" designates the PAR 2 trypsin cleavage/activation site, with the sequence YGGC added for derivitization) and cross-reacts with both rat and human PAR 2 (23, 24) . Trypsin-2 immunoreactivity was visualized with monoclonal anti-trypsin-2 antibody 8F7 (25) .
Four-micrometer sections were deparaffinized, rehydrated, and microwaved. The sections were then treated with 0.5% hydrogen peroxide in methanol for 30 min and blocked with either normal goat serum (PAR 2 ) or normal horse serum (trypsin-2) (both 1:20) for 15 min. Primary antibody to PAR 2 (diluted 1:1000) or to trypsin-2 (diluted 1:1000) was added, and the sections were incubated overnight at room temperature. For PAR 2 , negative controls were performed by preabsorbing the antibody with the nonconjugated immunogenic peptide present at a concentration of approximately 20 g/mL in the antibody (1:1000)-containing buffer and incubating 3 h at room temperature before application to the tissue. Additional negative controls were performed by substituting the primary antibody with neutral isotonic PBS (PBS). For trypsin-2, sections treated with nonimmune mouse serum or PBS served as negative controls. Bound antibody was visualized by the avidin-biotin complex immunoperoxidase technique (ABC) (Elite ABC Kit, Vectastain, Vector Laboratories, Burlingame, CA) following the manufacturer's instructions. The sections were incubated with the biotinylated second layer antibody and the peroxidase-labeled avidin-biotin complex for 30 min each. Peroxidase activity was developed with 3-amino-9-ethyl-carbazole (Sigma Chemical Co., A-5754), and finally the sections were stained with hematoxylin.
To confirm the presence of PAR 2 on macrophages or myofibroblasts, consecutive sections were immunostained with an antibody against the specific macrophage marker CD-163 (diluted 1:100) (Novocastra, Newcastle upon Tyne, UK) or ␣-smooth muscle actin (diluted1:5000) (Biomakor, Rehovot, Israel).
Scoring of PAR 2 Immunoreactivity and Statistical Analysis. The analysis of PAR 2 immunoreactivity was performed independently by two investigators (K.C. and P.H.) in a blinded fashion. In each case, the entire section of lung tissue (approximately 1-2 cm 2 ) was evaluated. The level of PAR 2 immunoreactivity was scored in a semiquantitative manner according to the following method: absent ϭ 0, low ϭ 1, moderate ϭ 2, strong ϭ 3, or very strong ϭ 4. Separate scores were given for bronchial and bronchiolar epithelium, alveolar epithelium, bronchial and vascular smooth muscle cells, and vascular endothelium. Data for the level of PAR 2 immunoreactivity are given as medians and interquartiles. Comparisons between groups were performed with the nonparametric multiple comparison Kruskal-Wallis test (StatView 5.0.1, Abacus Concepts Inc., Berkeley, CA). The Dunn's test was used for the post hoc comparisons. P values less than 0.05 were considered statistically significant. 2 . In all fetuses and infants, positive immunostaining for PAR 2 was detected in bronchial and bronchiolar epithelium, and in alveolar epithelium. Positive immunostaining for PAR 2 was also found in bronchial and vascular smooth muscle and in vascular endothelium. Preabsorption of PAR 2 with the nonconjugated immunogenic peptide eliminated the staining (data not shown).
RESULTS
Immunohistochemistry for PAR
Fetuses. PAR 2 immunoreactivity in bronchial and bronchiolar epithelium was low or moderate; however, in one fetus with gestational age 14 wk, the immunoreactivity was strong (Figs. 1A and 2A). In cuboidal type-II-like pneumocytes lining the prospective pulmonary acini the immunoreactivity was moderate or strong, and it had a tendency to be stronger when compared with newborn infants without lung pathology although the difference did not reach statistical significance (p ϭ 0.06) (Figs. 1B and 2B ). The vascular endothelium and the bronchial and vascular walls were negative or showed only low immunoreactivity for PAR-2 (Figs. 1C-E, 2A) .
Newborn controls. In newborn infants without lung pathology, the expression of PAR 2 in the studied cell types was predominantly low (Figs. 1 and 3A) . RDS. In preterm infants who died of acute RDS at the age of 0 -2 d, immunoreactivity for PAR 2 was strongest in bronchial and bronchiolar epithelium (Fig. 1) . The immunoreactivity in alveolar epithelium was low in 4 of the 8 preterm infants (Figs. 1B and 3B). In the studied cell types, no significant difference was detected in the level of PAR-2 immunoreactivity between preterm infants who died of acute RDS and newborn infants without lung pathology.
Prolonged RDS. In preterm infants who died of prolonged RDS at the age of 8 -16 d, the expression of PAR 2 was strongest in bronchial and bronchiolar epithelium and in alveolar epithelium (Figs. 1, 3C, 3D ). When compared with newborn controls, PAR 2 immunoreactivity was significantly higher in bronchial and bronchiolar epithelium, in alveolar epithelium, and in bronchial and vascular smooth muscle (Fig. 1) . In addition, expression of PAR 2 in vascular endothelium tended to be higher when compared with newborn controls (p ϭ 0.07). In all infants who died of prolonged RDS, PAR 2 was also detected in spindle-shaped cells of thickened alveolar walls and fibrotic foci (Fig. 3C ). These cells were strongly positive in immunohistochemical staining for ␣-smooth muscle actin thus obviously representing lung myofibroblasts (26) .
BPD. In preterm infants who died of BPD, PAR 2 immunoreactivity was strongest in bronchial and bronchiolar epithelium (Fig. 1) . When compared with newborn infants without lung pathology, PAR 2 immunoreactivity was significantly higher in bronchial and bronchiolar epithelium and in bronchial smooth muscle (Fig. 1) . As in infants who died of prolonged RDS, in all infants with BPD strong expression of PAR 2 was detected in ␣-smooth muscle actin-positive myofibroblasts of thickened and fibrotic alveolar walls (Figs. 3E and 3F ). In addition, PAR 2 was expressed in alveolar macrophages (Fig.  3E ) that were positive for CD-163 (data not shown).
Immunohistochemistry for trypsin-2. In accordance with our previous findings, trypsin-2 was expressed predominantly in the bronchial and bronchiolar epithelium (21) . Vascular endothelium was negative except in 2 preterm infants who died of prolonged RDS. No trypsin-2 immunoreactivity was detected in bronchial or vascular smooth muscle cells. In fetuses, faint expression of trypsin-2 was detected in bronchial and bronchiolar epithelium in 5 samples whereas 5 samples were totally negative. Similarly, in newborn infants without lung pathology, bronchial and bronchiolar epithelium was weakly positive in 3 of the 5 infants. In preterm infants who died of RDS, bronchial and bronchiolar epithelium and hyaline membranes showed low trypsin-2 immunoreactivity in 4 infants. In contrast, in preterm infants who died of prolonged RDS at the age of 8 -16 d, the expression of trypsin-2 was predominantly strong in bronchial and bronchiolar epithelium and in type-II-like pneumocytes lining alveolar walls; in these structures trypsin-2 co-localized with PAR 2 (Figs. 4A and 4B ). In addition, in 2 of the preterm infants who died of prolonged RDS, trypsin-2 immunoreactivity was also detected in vascular endothelium; in these infants vascular endothelial cells showed strong PAR 2 immunoreactivity (Figs. 4C and 4D) . In preterm infants who died of BPD, trypsin-2 immunoreactivity co-localized with PAR 2 immunoreactivity in bronchial and bronchiolar epithelium and varied from low to strong, while alveolar epithelium was predominantly negative (Figs. 4E and 4F) . 
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DISCUSSION
In the present study we demonstrate that PAR 2 is highly expressed in airway epithelium of preterm infants who died of prolonged RDS or of BPD, and that the expression is significantly stronger in comparison with newborn infants without lung pathology. The level of PAR 2 expression also showed a trend to increase with progression of RDS toward BPD. Moreover, in preterm infants with lung injury we found that trypsin-2, a potential activator of PAR 2 , is co-localized with PAR 2 in the airway epithelium. PAR 2 expression was also evident in bronchial and vascular smooth muscle, and in vascular endothelium in lungs of preterm infants with RDS or BPD and of term infants without lung pathology. This localization in infants is in accordance with earlier studies showing PAR 2 expression in adult human lung tissue (6, 7, 27) .
Several studies done in vitro and in experimental animals have suggested that PAR 2 is involved in inflammation and tissue remodeling (9, 10, 12, 13) . Exposure to proinflammatory agents up-regulates PAR 2 in vascular endothelium and its activation induces vascular permeability and infiltration of neutrophils (9, 28) . In respiratory epithelium, activation of PAR 2 stimulates the release of inflammatory mediators such as IL-6, IL-8, and matrix metalloproteinase-9, suggesting an important role for PAR 2 in inflammation and tissue remodeling in the lung (10, 12) . In preterm infants with respiratory distress, the development of BPD is characterized by persistent inflammatory pulmonary reaction associated with epithelial cell dam- 
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age and increased alveocapillary permeability (18 -20) . During the first 2 wk of life, broncho-alveolar secretions show higher numbers of inflammatory cells and increased levels of proinflammatory agents such as TNF-␣, IL-6, IL-8, and various proteases in preterm infants who subsequently develop BPD in comparison with those who recover from RDS (18 -21,29,30 ). In addition to alveolar macrophages, vascular endothelium and respiratory epithelium play an important role in the production of the pro-inflammatory cytokines (29, 31, 32) . In this study we showed up-regulation of PAR 2 in the bronchoalveolar epithelium of preterm infants with prolonged RDS, and in the bronchial epithelium of preterm infants with BPD. In addition, in preterm infants with prolonged RDS, the expression of PAR 2 appeared to be increased in vascular endothelium. These findings suggest that up-regulation of PAR 2 in lungs of preterm infants is associated with the development of chronic inflammatory pulmonary disease of preterm infants. This pulmonary up-regulation is in accordance with an earlier report of increased expression of PAR 2 in bronchial epithelium in asthma in adult patients (11) .
The endogenous activator(s) of PAR 2 in the lung remains largely to be determined. In normal adult lung tissue, immunoreactivity for trypsin(ogen) was co-localized with PAR 2 in the airway epithelium (7) . Therefore, it has been suggested that trypsin, tightly regulated by protease inhibitors such as ␣ 1 -antitrypsin, may be a physiologic activator of epithelial PAR 2 in the lungs, and that epithelial PAR 2 is involved in cytoprotection rather than inflammation (7, 33) . Like pancreatic trypsin, its isoenzyme trypsin-2 is a potent PAR 2 activator (34) . We have previously shown that trypsin-2 is strongly expressed in lungs of preterm infants with respiratory distress, and that during the first 2 postnatal weeks, high levels of pulmonary trypsinogen-2 are associated with subsequent development of BPD (21) . In the present study we demonstrated that in preterm infants who died of prolonged RDS or BPD, trypsin-2 is co-localized with PAR 2 in bronchial and alveolar epithelium. Furthermore, expression of trypsin-2 was also detected in the vascular endothelium of those preterm infants with prolonged RDS who presented with strong endothelial PAR 2 expression. We hypothesize that activation of PAR 2 in the lungs of preterm infants by high levels of trypsin-2 during the early postnatal period may play a role in persistent inflammatory pulmonary reaction associated with the development of BPD. This hypothesis is also supported by earlier studies showing deficiency in pulmonary ␣ 1 -antitrypsin in preterm infants with RDS (35, 36) .
To be capable of activating PAR 2 in the lung, trypsinogen must be processed by specific enzymes. At present, it is unclear how trypsinogen is activated outside the intestine where it is activated by enteropeptidase. In vitro, it has been shown that incubation of activated leukocytes with trypsinogen can result in a conversion of trypsinogen to trypsin (37) . This leukocytemediated mechanism could be one by which trypsinogen may be activated in the lungs of preterm infants with respiratory distress. Further studies on the mechanism of trypsin activation are important, since the trypsinogen to trypsin activators themselves might be a therapeutic target.
Both tryptase and trypsin appear capable of inducing lung fibroblast proliferation via activation of PAR 2 (8) . Myofibroblasts are derived from activated fibroblasts, and play an important role in tissue remodeling following acute lung injury (26, 38) . In preterm infants with acute lung injury, myofibroblasts have been shown to increase in number and form bundles encircling terminal air spaces during the early postnatal period (26) . Interestingly, in preterm infants who died of prolonged RDS or BPD, we detected strong expression of PAR 2 in ␣-smooth muscle actin-positive myofibroblasts of thickened and fibrotic alveolar walls. This observation suggests that PAR 2 might be involved in fibroproliferation associated with the development of BPD.
We detected predominantly low expression of PAR 2 in the normal fetal lung. The bronchial and the vascular walls and vascular endothelium were almost negative; in contrast, in type-II-like pneumocytes lining the prospective pulmonary acini PAR 2 immunoreactivity was moderate or strong. All of the fetuses were aborted because of a clinical suspicion of a major malformation in fetal ultrasound examination. None of the mothers had clinical symptoms of chorioaminonitis, and no signs of infection could be detected in histologic examination of fetal tissues and placenta. Therefore, an inflammatory process in the fetal lungs is an unlikely explanation for marked 
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PAR 2 immunoreactivity in the cuboidal type II-like epithelial cells. Whether PAR 2 expression in the fetal lung is affected by the prostaglandin used to induce the abortion, or possibly by hypoxia associated with the induced abortion, cannot be ruled out in this study. The possible role(s) of PAR 2 in the developing fetal lung remains a topic of considerable interest for future studies.
In conclusion, PAR 2 and its potential activator trypsin-2 are co-localized in the lungs of preterm infants with prolonged RDS or BPD. We suggest that activation of PAR 2 in the preterm lung by high levels of trypsin-2 may play a role in pulmonary inflammation and fibroproliferation associated with the development of BPD. Overall, our data point to both trypsin-2 and PAR 2 as potential therapeutic targets in the setting of RDS and BPD in preterm infants.
